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Abstract: The uncertainty of distributed energy (DG) and load in the electric-gas combined system
(EGCS) requires EGCS to have higher dispatching capacity. A novel strategy is introduced in this
paper to operate EGCS considering dispatchability evaluation indexes in order to improve the
dispatchability of EGCS. Firstly, the paper describes the physical architecture of EGCS and its main
devices. Based on the typical structure of EGCS, the main coupling modes between the two networks
are analyzed and summarized, and a power flow model of deep coupling EGCS is established. Then,
it proposes a unified quantitative modeling method of dispatchability, and qualitatively analyzes
the dispatchability capability of different types of resources in the system through the definition,
connotation, and multi-dimensional attributes of EGCS dispatchability. In order to characterize
the strength of the overall dispatchability of EGCS, two evaluation indexes, upward/downward
dispatchability margin, are proposed. The case study validates the applicability of the proposed
dispatchability indexes through simulation. The uncertainties existing in various sources, namely
networks and loads of EGCS, the output power of wind farms, and photovoltaic plants, are analyzed
emphatically through actual data of a certain area. The EGCS economic dispatching model is
established by considering the DG output prediction errors, introducing the expected penalty term of
insufficient dispatchability into the objective function, and calculating the dispatchability margin
through the simulation model to quantitatively analyze the dispatchability capability of the system.

Keywords: electric-gas combined system (EGCS); dispatchability; uncertainty; economic dispatching
model

1. Introduction

In recent years, with the increasingly obvious shortcomings of traditional energy and the rapid
development of new energy technologies, Rifkin, an American economist, first put forward the concept
of Energy internet in 2011 [1]. The concept focuses on replacing traditional energy with clean renewable
energy so that we can reduce the proportion of traditional energy in industrial development and
combines internet technology to realize interconnection, interoperability, and complementarity of
current energy resources, which will maximize the efficiency of energy utilization. The energy network,
which integrates new energy technology and information technology, has become the future direction
of energy development [2,3].

With the construction of the Energy internet, the power system coordinated optimization mode
of “source-network-load-storage” has become the core link of the development of Energy internet.
This mode can be more widely applied to the whole energy industry and combine the technology and
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operation mode of Energy internet to form a coordinated and optimized operation mode of the whole
energy system, as shown in Figure 1 [4].
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Figure 1. Coordination and optimization operation mode of “source-network-load-storage” of
Energy internet.

Under this model, as a mature form of integrated energy network, electric—gas combined system

(EGCS) has different ways and principles of coupling between the two networks, and their relationship
is becoming closer. Recently, the study on EGCS is mainly manifested in power flow modeling,
dispatching optimization, and security issues.

1.

How to model EGCS? Wei Zhang et al. established a mathematical model to evaluate the
maximum power supply capability of EGCS from the perspective of the influence of the natural
gas network on the power supply capability [5]. Under the premise of considering the gas pipeline
constraints in the natural gas network, Cem Sahin et al. analyzed the degree of interaction between
the electric—gas networks by simulation from the perspective of security, and the electric—gas joint
risk assessment model is established [6]. Based on the economics, Yuan Hu et al. analyzed the
multi-stage planning problem of EGCS through economic optimal model simulation [7,8].
Calculate the power flow of EGCS. Because of the coupling between different energy forms in the
EGCS, the traditional models and mechanisms for solving a pure power system or natural gas
system are no longer suitable for solving the mixed power flow of EGCS. Seungwon An et al.
firstly proposed that natural gas network be modeled by analogy to the grid, and then solved the
gas network power flow by using the grid power flow calculation method [9]. Xiandong Xu et al.
analyzed the power flow model in EGCS and studied the difference between mixed power flow
and single power flow [10]; Sheng Chen et al. considered the calculation error problem caused by
the uncertainty factors in the system, and solved the flow problem of EGCS by introducing the
concept of probabilistic flow [11].

There is a non-negligible uncertainty problem in EGCS [12-15]. From the perspective of energy
output or utilization, the uncertainty can be distinguished as energy output side uncertainty and
energy demand side uncertainty. The access of distributed energy (DG) will greatly increase
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the degree of uncertainty. Saeed Kamalinia et al. analyzed the influence of uncertainty degree
of energy output or response on the economy or market mechanism of EGCS [16,17]. Zhinong
Wei et al. provided a model description of the demand-side response of the system or the
uncertainty of DG and formulates the operation strategy of EGCS by adding constraints involving
uncertainty [18,19].

4.  Study the dispatching operation strategy of EGCS. Grid and the natural gas network are two
kinds of networks with different energy sources. When they are coupled, the formulation of
dispatching and operation strategy is different from that of a single network. Guogqing Li et al.
analyzed the economy of wind power consumption under the condition of large proportion of
wind power penetration and established a coordinated optimal dispatching model of integrated
energy system considering power to gas (P2G) technology [20]. Chuan He et al. studied the joint
planning problem of grid and natural gas network by ADMM technology [21]. Jiakun Fang et al.
established an optimal dispatching model for integrated natural gas network and grid in order to
improve consumption capacity of clean energy [22]. The above references respectively establish
power flow or dispatching model for a single device unit or coupling device unit in EGCS, and
formulate corresponding optimal operation strategies through some technical methods, but all of
these references do not effectively evaluate the dispatchability of EGCS.

With the increasing capacity of wind, solar energy, and other DG connected to the power system,
EGCS’s power generation and grid connection technology have become the hot issues concerned by the
majority of power science and technology workers at present. Wind and solar energy have uncertainties
such as stochastic fluctuation, intermittence, and conversion between different energy sources in the
process of power generation, which makes the dispatching of EGCS more complicated, and even
directly affects the dispatchability capacity and dispatchability requirement of the system during the
dispatching time. Neglect of uncertainties in DG and load in the EGCS, and energy conversion losses,
may lead to security and stability problems. Therefore, the establishment of a joint optimal dispatching
model between grid and other DG has become a study hotspot. Jianxiao Wang et al. proposed a
joint optimal dispatching scheme of energy and reserve based on microgrid combined cool, heat, and
electric supply. Supported by the theory that heat supply has thermal inertia, the scheme considers
that the reserve capacity of grid can be improved by the mutual conversion of different energy sources,
and the conclusion is validated according to the actual data of Chicago Industrial Park in the United
States [23]; Abigail D. Ondeck et al.’s study was based on the optimization of the current status of
gas-heat power joint dispatching in residential quarters, and concluded that the optimization strategy
has the characteristics of strong pertinence, multi-selectivity, and feedback interactivity [24]; Pedro
Faria et al. simulated and analyzed the joint dispatching strategy considering demand response, and
the simulation results show that this kind of dispatching strategy can greatly improve the efficiency of
distributed energy utilization and reduce the operation cost of power system [25-27].

Therefore, the connectivity of DG and the grid has become the main trend of energy structure.
However, EGCS has different coupling modes, and with the rapid development of the Energy internet,
the access of a large number of DG and active loads increases the overall complexity of the system.
The above references evaluate or optimize the uncertainties of the system due to the integration of
new energy sources or active loads. However, there is no qualitative or quantitative analysis of the
EGCS dispatchability with DG. There are currently no uniform indexes for EGCS dispatchability
description. EGCS is more complicated than traditional grid or natural gas network, so the dispatching
model of a single network needs to be improved to apply to the economic dispatching of EGCS. In
addition, to accurately evaluate the dynamic characteristics of the system under the circumstance that
consider the uncertainty of the system, it is necessary to quantify the dispatchability of energy and
demand in the network, so as to formulate a more realistic dispatching operation strategy. For this
purpose, this paper proposes an EGCS operation strategy study model considering dispatchability to
correctly evaluate the dynamic characteristics of energy or load in the system, and makes qualitative
analysis and quantitative calculation of dispatchability. Moreover, deterministic indexes to calculate
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dispatchability capability were proposed, so as to realize the optimum combination of dispatchable
resources, which can improve the dispatchability of EGCS.
The major contributions of this paper are as follows.

1.  The power flow model of the EGCS is established in this paper.

Through analyzing the factors influencing the uncertain performance capability of the system,
two kinds of dispatchability evaluation indicators are proposed eventually, and their applicability
is testified by simulation.

3. To address the uncertainties in the source and load of EGCS, this paper analyzes the uncertainties
of wind farms and photovoltaic plants output through actual data analysis in a certain area. Then,
an economic dispatching model of EGCS considering DG output prediction errors is established,
and the dispatchability under-expectation penalties is introduced into the objective function. On
these foundations, this paper formulates the operation strategy of EGCS to improve the margin
of the system.

The rest of this paper is organized as follows. In Section 2, an overview of EGCS is first provided.
Then, an evaluation index of dispatchability on EGCS is presented in Section 3. This is followed by
Section 4, in which the model of operation strategy for EGCS is presented. Eventually, Section 5
provides the case studies and the results from the case studies.

2. Overview of EGCS

2.1. Physical Structure and Devices of EGCS

The basic physical structure of EGCS is shown in Figure 2 [28]. According to the types of energy
carried by the devices, all kinds of devices in the system can be divided into independent device unit
and coupling device unit. An independent device unit, electric, heat, gas, and cool system maintains
its own unique energy characteristics and there is no coupling transformation and complementary
utilization between heterogeneous energy flows. Since the nature of cool load is similar to heat load,
the following studies only consider heat load. The conversion between electric, heat, and gas can be
realized by coupling device unit.
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Figure 2. The basic physical structure of electric-gas combined system (EGCS).
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2.2. Coupling Relationship of EGCS

As a coupling device between power and natural gas, gas turbine uses natural gas as fuel, exists
as load in natural gas network, and supplies the generated electricity to the grid as power on the grid
side; in contrast to the role played by gas turbines in coupling, P2G can electrolyze water into hydrogen
through electrolytic cells. The coupling method of EGCS is shown in Figure 3.

Coupling devices

r - r = |

| Natural
| o ws |

k
“” |
L L

Loads
Figure 3. Coupling relationship of EGCS.

(1) Gas turbine
Hy = 0+ €Pg + APZ (1)

where H¢ denotes the calorific value of natural gas import into the gas turbine. Pg denotes the output
power of the gas turbine. w, € and A denote parameters for the heat consumption rate curve of the gas
turbine.

(2) Electric drive compressor

In order to reduce gas loss, a pressurization station should be set up at a certain distance. When
the compressor of pressurization station is driven by electric power, the relationship between input
and output is shown in Equation (2).

Peom = CHeom 2)

where P, is the power of the input compressor. Hcyy, is the gas quantity of the output compressor.
C=7457x 1076

(3) Energy hub

The energy hub can enable the mutual conversion of heat-gas-power multiple energy forms. The
specific structure of the energy hub is shown in Figure 4.
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Figure 4. The specific structure of the energy hub.

2.3. Power Flow Model of the Natural Gas Network

For gas pipelines, the gas flow Fy;;,, through pipeline m-n under steady-state condition is calculated
as follows:
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®)

Frn = KinnSmn

where kj;;, is a constant and kj;,’s value is determined by inner diameter, length, efficiency, and
compression factor of gas pipeline. s, reflects the direction of gas flow. I1,, is the pressure of node m.
I1,, is the pressure of node n.

The flow balance equations of pressurization station are described as follows:

_ [T,
Hcom,k = BkFcom,k[(H_) - 1] (4)
n
Teomk = & + .BHcom,k + VHfom,k )

where F, i is the flow through the pressurization station. 7.y, is the flow consumed by the gas
turbine. Hcoy i is the power consumed by the compressor. a, 8, and y are the energy conversion
efficiency constants. By and Z; are constants.

The flow balance equation of node is expressed as follows:

Fy = Z Foun + Z XFcom,k + Z Teom,k (6)

nem kem kem

where F,, is the injection flow of the natural gas network node. XF;, is the total flow of the pipe
connected to the node. X xFy k is the total flow through the pressurization station, where xy = [1,-1],
the inflow into the pressurization station is positive, and the outflow is negative. X7,k is the
self-depletion flow of the compressor driven by natural gas.

2.4. Network Structure of EGCS

The grid in EGCS operates independently of the natural gas network. The coupling method
selected in this paper is the compressor of the pressurization station is driven by electric power,
the gas turbine is driven by natural gas, and the energy hub is connected to realize the depth of
“source-network-load” of IEEE30 and 14-bus natural gas system (NGS14). The network structure is
shown in Figure 5.
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Figure 5. The network structure of EGCS.
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3. Analysis of Dispatchability on EGCS

3.1. Overview of Dispatchability on EGCS

The dispatchability of the power system means that when there is rapid fluctuation on the energy
side or load side of the power system, the system can still maintain continuous and reliable operation,
which is an index to evaluate the balance of the power system [29]. Thus, the dispatchability of
EGCS can be defined as the ability of the system to respond effectively to fluctuations in energy side
(including thermal power, wind power, photovoltaic power, and natural gas power) or load side
(including electric load, gas load, and heat load).

From the perspective of the system, the dispatchability of EGCS is a kind of ability to reflect whether
the system can fully integrate and coordinate the dispatching resources within the system, effectively
deal with various uncertain factors, flexibly adapt to various complex operating environments, and
maintain the realization of the high-level operational objective.

3.2. Multidimensional Attributes of Dispatchability in EGCS

The dispatchability of EGCS not only needs to fully reflect the control and response of dispatching
resources of different directions, different types, and different characteristics, but also needs to meet
the dispatching and optimization requirements of the system in different cases. Figure 6 shows the
multi-dimensional attribute feature representation of EGCS [30].

Spatial dimension A Time dimension
(1) Distribution network (1) Power waveform
(2) Unit control area (2) Energy change
(3) Microgrid (3) Supply-demand balance
The impact of The impact of
scale and distance time scale and time serie
The impact of ~ The impact of
device performance dispatchability payments
(1) Dispatching capacity (1) Device investment
(2) Response speed (2) Idle investment
(3) Ramping rate (3) Dispatching cost
Physical dimension ¢ Value dimension

Figure 6. The multi-dimensional attribute of EGCS.

For EGCS, the essence of resolving the dispatchability problem is to meet different needs and
coordinate the dispatching resources of different time, space, physical and value attributes by different
means, so as to formulate the dispatch or operational strategies that meet specific time and space scales,
are economical, practical, and physically achievable, and further meet the system requirements.

3.3. Evaluation Index of Dispatchability on EGCS

The dispatchability indexes of the traditional power system usually include parameters such as
adjustable power range, output, or load regulation rate. For EGCS, the concept of dispatchability can
be analogized, and the supply and demand of dispatchability of power side, network side, and load
side can be quantitatively analyzed.

(1) Dispatchability analysis of conventional power

The conventional power included in the EGCS studied in this paper include thermal power units
and gas units, which are the main dispatching supply resources in the system. The upward/downward
dispatchability is respectively Fg4 and F;-, as shown in Equations (7) and (8):

FG+ :PGmax_PGr (7)
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Fg- = PG — PGmin, 8)

where Pg is the real-time output of the unit. Pgmax and Pgmin are, respectively, the maximum and
minimum output of the unit.

The sum of Equations (7) and (8) can obtain the total amount of dispatching resources F¢ that can
be provided by conventional units, as shown in Equation (9):

FG = PGmax - PGmin- (9)

(2) ispatchability analysis of distributed energy
Distributed energy such as wind and photovoltaic cannot be as stable and controllable as
conventional power. Therefore, in the process of power balance, the output of the distributed energy is
equivalent to the conventional power according to the given confidence capacity, while the remaining
part is the un confidence capacity caused by the prediction error, which consumes the dispatchable
resources. Therefore, the dispatching resources that are provided and consumed are as shown
Equations (10) and (11):
Fres,t = Pcl,t (10)

Dres,t = Pres,t - Pcl,t (11)

where F,; is the dispatchability that renewable energy can provide in tth period. P is the confidence
capacity. in tth period. Diest is the dispatchability of renewable energy consumption in tth period.
Pres ¢ is the output power of renewable energy in tth period.

(3) Dispatchability analysis of controllable load

The controllable load can be regarded as a “conventional power” on the load side because of the
load’s ability to be artificially adjusted. The dispatchability provided can be calculated according to
Equation (9).

(4) Dispatchability analysis of uncontrollable load

The uncontrollable load is a resource that consumes dispatchability. Usually, the system will
reserve a part of the backup capacity according to the historical maximum load when setting up the
start-up mode, and the backup coefficient will be expressed as u. The load’s demand for dispatching
resources is shown in Equation (12):

Dload = Mpload,max + (Pload,max - Pload,min) (12)

where Djy,q is the dispatchability of uncontrollable load consumption. Pjoad max and Ploadmin are,
respectively, peak and valley values of day-ahead load forecasting.

(5) Dispatchability analysis of network side energy conversion

There are different types of energy conversion on the network side of EGCS. Take P2G as an
example. When the natural gas capacity in the network is insufficient and the electricity is surplus, the
energy can be converted to natural gas through the energy conversion device. At this time, power
can be regarded as the source side energy. The power’s dispatchability analysis is similar to the
conventional power dispatchability analysis, there is a problem of energy conversion efficiency because
the network side energy conversion is a conversion between different energy sources. Therefore,
the dispatchability calculation of network side energy conversion in the link of P2G is shown in
Equation (13).

Fpag = npacPr2g = Crog (13)

where Fpyg is the dispatchability of P2G devices. 1pyg is the energy conversion efficiency of P2G

devices. Ppyg is the electric power input to P2G devices. Cpyg is the natural gas power output by
P2G devices.
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The controllable load and uncontrollable load mentioned in this paper include electric load, gas
load, and heat load. Since the studied network is a grid and natural gas network, the heat load is
equivalent to electric load and gas load.

According to the multi-dimensional attributes of dispatchability and the quantitative analysis of
dispatchability of different types of resources, various factors that need to be considered in establishing
the EGCS dispatchability indexes can be obtained as shown in Table 1.

Table 1. Factors to be considered in establishing EGCS dispatchability indexes.

Spatial Dimension Time Dimension Physical Dimension Value Dimension
Electricity balance Ramping rate of thermal  Available dispatching capacity Operation cost of
Flow balance power units of thermal power units thermal power units
Conversion efficiency of power to gas Power fluctuation of
Conversion efficiency of gas to power wind turbines Available dispatching capacity =~ Operation cost of nature
Conversion efficiency of power to heat Power fluctuation of of nature gas units gas units
Conversion efficiency of gas to heat photovoltaic units

As shown in Table 1, electricity balance and flow balance are the prerequisites for the secure
and stable operation of the grid and natural gas network, and they must be met. Therefore, they are
regarded as constraint conditions of dispatching model. The ramping rate and energy conversion
efficiency of units are inherent characteristics of EGCS dispatchability, which cannot be changed after
being put into operation. Therefore, they exist as general parameters in the calculation of dispatchability
index or constraints. The value dimension parameters can be used as the objective function of the
dispatching model to evaluate the dispatchability of the system from the economic point of view. Most
importantly, due to the influence of natural factors and prediction errors, the output of wind turbines
and photovoltaic units will be uncertain in time scale. At the same time, the available regulating
capacity of conventional units will fluctuate with the switching state on time scale. These factors will
directly affect the system’s upward and downward ability in the dispatching stage; that is, the factors
have a great impact on the system’s dispatchability. Moreover, the natural gas network is an inertial
system, while the grid is a real-time system. Therefore, this paper uses natural gas system to regulate
the power system. Considering the capacity of coordinated dispatching of conventional thermal power
units, gas generating units, distributed wind, and photovoltaic units in the 24-h operation phase
of EGCS, the random variation of load is also considered. Four dispatchability evaluation indexes
are proposed.

Index 1: Upward dispatchability under-expectation Er, is the expected value of the difference
between the upward dispatching backup capacity and the system upward dispatchability demand
in the system during the operation cycle. Er reflects the average value of the system’s failure to
replenish resources when the consumption of dispatching resources increases, and the smaller the
value, the better.

Eurt = ARUF,tPr{RUF,t < P nett+1 =P L,net,t}

ARurt = Prneti+1 — PLnett — RUFt (14)
N

Rups = min[ifl (P — pihy, lNzi o - AT]
where Ryg; is the upward dispatching backup capacity available for the system in tth period. Pp net s
and Py et 41 are, respectively, the net load in fth and (t+1)th period. Ng is the total amount of natural
gas units in the system. Pic’;t’max is the upper limit of the active power output of the ith conventional
unit in tth period. Pg is the actual active output of the ith conventional unit in tth period. ré,i is the
upward ramping rate of the ith conventional unit. AT is the dispatching interval.

Index 2: Downward dispatchability under-expectation Epp, is the expected value of the difference
between the downward dispatching backup capacity and the system downward dispatchability
demand in the system during the operation cycle. Epg is reflected that when the resource that consumes
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dispatchability is reduced, the system cannot cut out the average value of supplied resources due to
inertia and other problems, and the smaller the value, the better.

Eprt = ARDF,tPr{RDF,t < Ppnett — PL,net,tJrl}

ARprt = Prnett — PlLnett+1 — RDFt (15)
Ng

it pitminy NS 4
X (Pg = Pg )'erc,i'AT
i=

RDF,t = min[
i=1

where Rpg; is the downward dispatching backup capacity available for the system in tth period. Pg’min
is the lower limit of the active power output of the ith conventional unit in tth period. rdG,l. is the
downward ramping rate of the ith conventional unit.

Index 3: Upward dispatchability margin, Mr, refers to the ratio of the difference between the
upward dispatching backup capacity of conventional units and the upward dispatchability requirement
of the system and the upward dispatchability requirement of the system during the operation period.
Myr reflects the adequacy level of dispatching resources that the system can provide when the increase

in resources that consume dispatchability; the greater the value, the better.

Ryg,—F
MUF,t _ U};:rU F,tUF,t
Nog w,t w,t (16)
Furt = Prnett+1 = PLnett + w§1 (PoGs ~ Ppc)
where Fyg; is the system’s upward dispatchability requirement in tth period. Pgé,fc is the predicted

output power of the wth DG unit W in tth period. Npg is the total amount of DG units. Pz]g’é is the
actual output power of the wth DG unit W in tth period.

Index 4: Downward dispatchability margin Mpg, refers to the ratio of the difference between
the downward dispatching backup capacity of conventional units and the downward dispatchability
requirement of the system and the downward dispatchability requirement of the system during the
operation period. Mpr reflects the adequacy level of dispatching resources that the system can cut
when the decrease in resources that consume dispatchability; the greater the value, the better.

Rpp—FpF
Mprt = —f=——
Nog w,t w,t (17)
FDF,t - PL,net,t - PL,net,t+1 + Z (PDG - PDG’fC)

w=1

where Fpg; is the system’s downward dispatchability requirement in tth period.

The system operation must satisfy certain reliability. The above indexes 3 and 4 can indicate
the reliability level of the system. However, due to the uncertain factors in the system, the current
EGCS should try to achieve the optimal economy under the premise of ensuring the reliability of the
system operation.

4. Model of Operation Strategy for EGCS

Compared with the traditional power system structure, EGCS is more complex, and the dimensions
of EGCS dispatchability model for operation problems will be more abundant. Under the advancing of
Energy internet negotiation, the operation strategy of EGCS through dispatchability evaluation aims to
realize the optimal combination and dispatch of dispatching resources with the goal of multi-level
dispatchability supply and demand matching of the system. Therefore, the joint optimization of
EGCS is needed, which is essentially a mathematical programming problem involving equilibrium
constraints, and optimizes the objective function of minimizing the total cost of the joint operation
service supply by system operators.
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4.1. Objective Function

The objective function that minimizes the operating cost of EGCS is expressed as follows:

minF = Cp 4 Cg + Cr

T Np ’ ’
Cp =¥ X |ai+bPY +c(PH) ]

tll l

18

CG—ZZg]Pgas (18)

tl]—
Cr= ZCFEf:

=1

where F is the operating cost of EGCS. Cp is the operation cost function of conventional thermal power
units. Cg is the operation cost function of natural gas units. Cy is the penalty function of system load
shedding. T is the total amount of dispatching time periods in a dispatching cycle. Np is the total
amount of conventional thermal power units in the system. a;, b;, and c; are the operating cost factors
of the ith conventional thermal power unit. Pg is the output power of the ith conventional thermal
power unit when the unit runs in tth period. Ng is the total amount of natural gas units in the system.
gj is the operating cost factor of the jth natural gas unit. P]éas is the output power of the jth natural
gas unit when the unit runs in tth period. cr is the cost factor of outage loss per unit load. Ef: is the
expected value of the system when the power is insufficient in ¢th period.

4.2. Constraints

(1) Power flow constraints:

P; = V; ¥, Vj(Gjjcos 0 + By sin 0;;)

jei

Qi = V; ¥ V(Gyjsin 0;; - By cos 05))

jei

(19)

where P; and Q; are, respectively, the active and reactive power of node i. V; is the voltage of node i. V;
is the voltage of node j. G;; and Bj; are the line parameters between nodes i and j. 6;; is the power factor
of the line between nodes i and ;.

(2) Power balance constraint:

Npg Ngap

ZP”JFZP“” ZPEZP—Pt—f—Et:O (20)

where Npg is the total amount of DG units. Pg’é is the output power of the wth DG unit when the unit

runs in tth period. Ngop is the total amount of G2P units. PZ(’;’;P is the output power of the vth G2P unit
when the unit runs in tth period. Pi is the electric load. E; is the expected value of the system when
the power is insufficient in fth period.

(38) Upper and lower limit constraints of conventional unit output:

Pi min < Pi < Pi,max
{ (i:mm_ G Gz max (21)
QL =Q=Qg

where Pi and QE are, respectively, the active and reactive power output of the ith conventional unit.
Pl nax and Ql "1 are respectively the upper limits of the active and reactive power output of the ith

conventlonal unit. PZ MM and QZ MiN are, respectively, the lower limits of the active and reactive power
output of the ith conventlonal unit.
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(4) Constraint of DG output:

W, min w,t w,t w t W, max
PDG < PDG + PDG °pG < PDG (22)
where PuD’énm and P 7" are, respectively, the upper and lower limits of the active power output of the

wth DG unit. ¢“. is the prediction error of active power output of the wth DG unit in tth period.
DG % P P p
(5) Ramping constraints:
P P <y rit AT + P (1 - uyy) )
P~ Pg“ Stjppn v AT+ PE(1 = 1i41q)

where u; ; is the switching state of the ith conventional unit in tth period, which is 0-1 vector, turn on is
1, turn offis 0. ¢, ; is the uphill ramping rate of the ith conventional unit. u; ;1 is the switching state of
the ith conventional unit in (t+1)th period. r’é,i is the downhill ramping rate of the ith conventional
unit. AT is the dispatching time.

(6) Constraint of node voltage:

umn < Uy < UM (24)

where U; ¢ is the voltage of node i in tth period. U** and Ulr.nin are, respectively, the upper and lower
limits of allowable voltage for node i.
(7) Constraint of line transmission power:

PN < U 4Uj Gy cos 0 + By sin 0;;) - UZ,Gyj < P (25)

where P"™ and P;“in are, respectively, the upper and lower limits of active power allowable for
transmission on line /.
(8) Grid reliability level constraint:

E, < Emox (26)

where E'™ is the maximum allowable load shedding value of the system, indicating the reliability
level of the system operation.
(9) Natural gas flow balance constraint:

Ng Npog

7t m,t ¥ t
Z Ceas + Z Cch Clnme -G = (27)
r= =1

where Cgas is the gas flow output of the rth natural gas source in tth period. Npyg is the total amount

m,
of P2G units. CP3G

the total amount of natural gas pipelines. C?’t is the gas flow loss of the nth pipeline in tth period. C!
ine L
is the total natural gas load in tth period.
(10) Upper and lower limit constraint of nature gas unit output:

is the gas flow output of the mth P2G unit when the unit runs in tth period. Ny, is

C'f ,min < Cr Ci’ ,max (28)

gas gas = “-gas

where C, is the output of the rth natural gas unit. Cg;m and Cyae™ are, respectively, the upper and

lower limits of the output of the rth natural gas unit.
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(11) Pipeline flow constraints:

71,max
Cﬁne + CK,line = Cline

_ 2 2
Cﬁne = UnSn Vsn(H”I B H”2) (29)

o LTy =T, 20
" -1, =TT, <0

where Cp;_ is the flow of natural gas in pipe n. C{ . is the total natural gas load supplied by pipeline
ine L, line
n. Ci™ is the maximum flow of natural gas in pipe 7. v, is constant. s, reflects the direction of the
pipeline flow. n; and n; are node numbers. 11, is the pressure of node n;. I1,; is the pressure of
node n5.
(12) Electric-gas coupling constraints:

—gl g 32

Hg *ﬁg"'lggpg_'_ﬂgpg

H (30)

Cgas = Grv

where Hy is the input heat value of the gas turbine. Py is the output power of the gas turbine. Cgas is

the equivalent natural gas load of the node connected to the gas turbine in NGS14. GHYV is a fixed high

heat value. ﬁ}o,, ﬁé, ﬁ‘;’ are constants determined by the heat consumption rate curve of the gas turbine.
(13) Constraints of energy conversion efficiency

ot v ot
Pop = NcpCosp
Cm,t — 4 Pm,t
PG ~ 26" PG (31)
st _ s P
H?at = Heat H?at
H* — pl U,
Heat — 'THeat ~Heat
where Pzétzp is the output power of the vth G2P unit when the unit runs in ¢th period. Cé;l, is the gas
flow input of the vth G2P unit when the unit runs in tth period. C;”;G is the gas flow output of the

m,t
P2G
unit runs in tth period. Hf_’lteat is the heat output of the sth power to heat unit when the unit runs in tth

mth P2G unit when the unit runs in tth period. P is the input power of the mth P2G unit when the

period. P;’{eat is the power input of the sth power to heat unit when the unit runs in ¢th period. H’;’Iteat is

the heat output of the kth gas to heat unit when the unit runs in tth period. Cl;iteat is the gas flow input
of the kth gas to heat unit when the unit runs in fth period. n¢,p, Mo Mear Theat aF€- Tespectively, the
conversion efficiency of G2P device, P2G device, the power to heat device, and the gas to heat device.

Because the model is a nonconvex problem and cannot be solved by traditional optimization
algorithms, heuristic algorithms are needed to solve the complex model, like particle swarm
optimization (PSO) algorithm and genetic algorithm, etc. The particle in the PSO algorithm updates the
position and velocity by tracking the local optimal solution and the global optimal solution, and keeps
approaching to the optimal solution. PSO algorithm has faster convergence ability than the genetic
algorithm in solving nonlinear functions. Simplified particle swarm optimization (SPSO) algorithm [31]
is the improved algorithm of PSO algorithm. SPSO algorithm has no velocity term compared with
PSO, so the evolution process of particles becomes simpler and easier to realize. Furthermore, SPSO
algorithm can avoid trapping in local optimum and has faster convergence ability than PSO algorithm.
Hence, the SPSO algorithm is appropriate to be used to solve the proposed model.
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5. Case Study

5.1. Verify the Evaluation Index of Dispatchability on EGCS

In order to verify the rationality of dispatchability evaluation index, an economic dispatching
model as shown in Equation (32) is established for the simple pure power system.

. L N it ity 2 I ¢
minF = Y, Y, [ai+biPG’ +ci(PE) ]—i— Y crEg
=1i=1l R

PlG’t+1 - Plc’f <y ré,i AT + Pgmax(l —ujp)

N (32)
it t t
st] LPG+E=P =0
PiG,min < Pé < Pic,;max
t
EF < Ei:nax

where g;, b;, and c; are the operating cost factors of the ith conventional thermal power unit. cr is the
cost factor of outage loss per unit load. E% is the expected value of the system when the power is
insufficient in tth period. Ef'® is the maximum allowable load shedding value of the system, indicating
the reliability level of the system operation.

Based on the above model, the unit’s combination of the system at all time periods can be
obtained, and the dispatchability capacity and dispatchability requirement for each period of the
system can be obtained, thus the system dispatchability margin index Myr and Mpg can be obtained.
The dispatchability of the system is analyzed by using the three-machine three-node system as shown
in Figure 7. The conventional units related parameters and load data are as shown in Tables 2 and 3.
AT =1h, cr = $1500/M.

G] G2

o= -

Bus 1 Bus 2

PL3 G3
G; —Generation P.;— Load

Figure 7. Three-machine three-node system.

Table 2. Parameters of the conventional units.

Unit  P™YMW  PEMIYMW  a/$MW?)  b/GMW)  c/$ e /(MW/min)

1 150 50 0.0020 30 500 2
2 100 20 0.0025 40 300 15
3 100 10 0.0050 20 100 1.5

Table 3. Load data.

Period/h 1 2 3 4
Load/MW 80 120 200 150

Firstly, without considering the reliability level of the system, the above economic dispatching
model is solved under the three-machine system. The operating cost of the system is $28,076.9. The
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output and dispatching capacity allocation of each unit in the system are shown in Table 4. Based on
this, the dispatchability evaluation index of the system is obtained as shown in Table 5.

Table 4. Output of units and their dispatching capacity allocation.

Period/h 1 2 3 4

Plg/MW 0 50 86.67 63.33

ngMW 0 46.67 73.33 46.67

P(f/MW 80 23.33 40 40

RE/MW 0 10 13.33 11.37

RE/MW 0 13.33 26.67 28.33

RF/MW 0 36.67 60 35

Ep/MWh 1.6 0 0 0

Table 5. Dispatchability evaluation index.
Variable index Period1 Period2 Period3 Period4
Dispatching capacity Rp/MW 120 170 150 200
dispatchability requirement Fg/MW 0 60 100 74.7

dispatchability margin Mg/% — 183.3 50 167.7

From Tables 4 and 5, the dispatchability margin of the system can be calculated effectively under
the premise of satisfying the reliability, and the system economy is optimal. The model has a feasible
optimal solution, which can verify the rationality of the index mentioned in this paper.

Because system reliability is closely related to dispatchability, this paper takes a single time period
as an example to study the impact of reliability on system dispatchability margin when the load
is 180 MW. On the basis of the above examples, the reliability level of the system is adjusted, and
the dispatchability margin index of the system under a series of reliability levels is obtained. The
calculation results are shown in Table 6 and Figure 8.

Table 6. Dispatchability margin index of the system under a series of reliability levels.

EFmax Rg/MW Fg/MW Mg/%
0 unsolvable unsolvable —_
0.2 unsolvable unsolvable e
0.4 unsolvable unsolvable —_—
0.6 75 75 0
0.8 75 71 7.69
1 75 65 15.38
1.2 75 62 26.41
14 75 58 38
1.6 75 52 50
1.8 75 45 70
2 75 40 87.5
2.2 75 38 120
24 75 36 155.8
2.6 75 35 169.67
2.8 75 32 158.92
3 75 30 150
3.2 74.5 15 510
34 60.5 7 870
3.6 52.5 0 —_
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Figure 8. Trends of system operation cost and dispatchability margin with a reliability level.

As shown in Table 6 and Figure 8, when the reliability level of the system is too high, the optimal
dispatching model will not converge; that is, the optimal solution cannot be obtained. The system is
relatively simple, so it is impossible to meet the high reliability. With the decrease in system reliability
level, the value of dispatching capacity will change slightly, the demand for dispatchability will change
greatly with the reliability level, and the system dispatchability margin index will show an overall
upward trend. At the same time, because the reliability required in the system is reduced, the optimal
solution of the system operating cost is also gradually reduced, indicating that the system reliability
and the system dispatchability margin are negatively correlated, but with the system operating are
cost positively correlated.

5.2. Uncertainty Analysis of Wind Power Generation

The prediction errors between the predicted and measured values of wind farms are analyzed.
Figures 9 and 10 are, respectively, the extremely short-term predicted and measured data of wind
speed and power in a certain area on 10 October 2017.

We can see from the above figures that the prediction error of wind farm on wind speed will
directly affect the predictive power of wind power, which directly affects the stability of the system.

Therefore, in the day-ahead dispatching period, it is necessary to simulate the prediction error of
the wind farm output in each period. To achieve the above objectives, the wind power prediction error
is fitted according to the steps shown in Figure 11.

—— Actual wind speed Predicted wind speed

Wind speed/m/s
W &~ 1 O N0 o o

0O 10 20 30 40 50 60 70 80 90
Time/15min

Figure 9. Predicted and measured data of wind speed on 10 October 2017.
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—— Actual power ——DPredicted power

40
=30
2
520
3
~10
0 10 20 30 40 50 60 70 80 90
Time/15min

Figure 10. Predicted and measured data of power on 10 October 2017.

Characteristic Wind speed

— fitting — —  — — — forecast —
[ | | 71
| | | |
| | | |
|l | | b

Individual Individual
action action

| Combined action |

Distribution of day-ahead
prediction error of wind power

Figure 11. Fitting method of the probability distribution of prediction error on wind power output.

Through this error fitting method, the prediction error of wind farms is analyzed. Therefore, this
paper regards the normal distribution as the probability distribution function of the day-head prediction
error of wind farm. The mean and variance values of the prediction error probability distribution
corresponding to the 24 time periods of the wind farm are shown as Figure Al in Appendix A.
According to this, the simulated output data required for the simulation can be obtained according to
the pre-forecast output data of the wind farm on a certain day as shown in Figure 12.

>~
a o O

Q1

Predicted power/MW
NN W WA
S S

0 2 4 6 8 10 12 14 16 18 20 22 24
Time/h

Figure 12. Prediction of wind farm output.
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5.3. Uncertainty Analysis of Photovoltaic Power Generation

Figure 13 is the extremely short-term predicted and measured data of wind speed and power in a
certain area on 6 June 2017.

—— Actual power Predicted power

70
= 60
S50

~

540
230
£ 20
10

0 10 20 30 40 50 60 70 80 90

Time/15min
Figure 13. Predicted and measured data of power on 6 June 2017.

From the comparative analysis of the data in the figure, we can conclude that although the
short-term prediction of the photovoltaic plant can obtain a lot of relevant information, the prediction
is still inevitable that some prediction errors will occur. Therefore, it is necessary to fit the distribution
characteristics of the prediction errors of the photovoltaic plant with the method shown in Figure 14,
so it is possible to obtain a more accurate power generation margin of the power system during the
dispatching process.

Historical data of Historical data of active
irradiation intensity of power output of
photovoltaic plant photovoltaic plant

I
Power characteristic curve
of photovoltaic plant
Weather forecast I
Power characteristic

fitting of photovoltaic
plant

]

Sample pool

L 2
Calculate the parameters and maximum likelihood
values of power prediction errors in each distribution
and determine the appropriate distribution

Figure 14. Fitting method of the probability distribution of prediction error on photovoltaic
power output.

The photovoltaic prediction error is also analyzed by the above fitting method. Therefore, this
paper also regards the normal distribution as the probability distribution function of the day-head
prediction error of the photovoltaic plant. The mean and variance values of the prediction error
probability distribution corresponding to the 24 time periods of the photovoltaic plant are shown as
Figure A2 in Appendix A. According to this, the simulated output data required for the simulation can
be obtained according to the pre-forecast output data of the photovoltaic plant on a certain day as
shown in Figure 15.
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Figure 15. Prediction of wind farm output photovoltaic plant.

5.4. Uncertainty Analysis of Load

There are three kinds of passive loads in EGCS described in this paper: Electric load, natural gas
load, and heat load. In the actual operation process, the loads will be interfered with by some human
factors, so there is a certain degree of uncertainty. This paper assumes that the three types of loads all
obey the normal distribution, and in the process of solving the optimal solution of the model, a set
of random values of the normal distribution of known mean and variance values are selected as the
various loads’ values at that moment, and their heat load equivalent is replaced by electric load and
natural gas load.

5.5. Influence of Distributed Power Supply and Load Uncertainty on System Dispatchability Index

In EGCS, there are load problems with uncertainties and distributed power whose output is
uncertain due to the influence of the natural environment. Because distributed power is connected to
the side of the grid, only two cases are set under the standard case 30 network to study the impact of
distributed power uncertainty and load uncertainty on system dispatchability indexes.

Case 1: There is no distributed power access in the system. If the load obeys the normal distribution
where the mean value is the initial value and the variance is 0.02 times the mean value, the reliability
level of the system is set to 1.5.

Case 2: There is distributed power access in the system and load uncertainty is not considered.
The predictive error parameters of wind farms and photovoltaic plants are listed in Figures A1 and A2
in Appendix A, and the reliability level of the system is set to 1.5.

The system running cost under case 1 is $1384.36, and case 2 is $1157.91. We can conclude that
the total running cost of the system can be effectively reduced by accessing distributed power. The
comparison of dispatchability margin between the two cases is shown in Figure 16.

m Considering load uncertainty m Considering DG uncertainty

20
23

—
(@)}

Dispatchability margin

12
8
I
0

1 3 5 7 9 11 13 15

: 17 19 21
Time/h

Figure 16. Effect of distributed power and load uncertainty on system dispatchability margin.

As can be seen from Figure 16, the system dispatchability margin index is higher in both case 1
and case 2 because of the sufficient capacity of case 30-node generators. There are several moments in
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both cases when the index values are higher than other values, such as 04:00 and 23:00 in case 1. It
should be noted that the dispatchability margin index at that time is the downward dispatchability
margin index, while at other times, the index is the upward dispatchability margin index, which
indicates that the downward dispatchability margin of the system is higher than that of the upward
dispatchability margin.

The dispatchability margin of the system in case 1 is always generally higher than that in case 2,
which shows that the uncertainty of load will not have a great impact on the dispatchability of the
system. In this case, it is only necessary to consider whether the backup capacity of the system meets
the dispatching requirements on a single time section. However, for distributed generation, after wind
power and photovoltaic power are connected, the influence of multi-time scale correlation of wind
power and photovoltaic power prediction error on system dispatchability index should be considered.

Between 01:00 and 06:00, the dispatchability margin index of the system is generally high and
basically stable. The reason is that in the early morning, the load of the system does not change much
on the horizontal time scale. The reason that the dispatchability margin of case 2 differs greatly on
the time scale should be affected by the prediction error of the distributed power output. Between
11:00 and 14:00, the system dispatchability margin index in case 1 has little change compared with the
previous period, while in case 2, because the output of photovoltaic plant is higher during this period,
the prediction error is also larger, so the system dispatchability margin index will be lower than the
previous period.

5.6. Operation Strategy of EGCS to Improve Dispatchability

From the above analysis, we can see that the uncertainties of distributed power will have a great
impact on the dispatchability margin of the pure power system. Because of the existence of an energy
hub or other energy conversion devices, EGCS makes the two networks interact with each other during
operation. Therefore, the following analysis will analyze the system dispatchability indexes in two
cases and propose an EGCS operation strategy that can improve dispatchability.

Case 1: Pure power system that the uncertainty of distributed power prediction error is considered.
The probability distribution parameters of the prediction error are as shown in Figures A1 and A2
in Appendix A, and the load uncertainty is considered. At the same time, the reliability level of the
system is set to 1.5.

Case 2: The EGCS includes energy hubs, electric drive, and gas drive compressors. Some of the
related parameters of EGCS are as shown in Table Al in Appendix A. It also considers the uncertainty
of distributed power prediction error and load uncertainty. The reliability level of the system is 1.5.

Figure 17 shows the relevant parameters of the system operation cost and dispatchability margin
index in two cases.

EE Dispatchability margin of casel Dispatchability margin of case2
—— Operating cost of casel =~ ===e=-- Operating cost of case2
25 100
= .
B0 20 y L T D 80
© S / ~ @
g e S s 3
- RN s 4

I 15 R R T 60 S
= 50
2 g
= 10 40 £
2 Z
8 o9
&> 5 20 O
A

1234567 8 9101112131415161718192021222324
Time/h

Figure 17. Operation cost and dispatchability margin index in two cases.
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As can be seen from Figure 17, the total operating cost of the system in two cases is $1157.91
and $1722.143, respectively. The EGCS contains the operating cost of the natural gas network, so the
system running cost is higher than that of case 1. And, the dispatchability margin of the system in
case 2 is significantly higher than that in case 1, which indicates that the EGCS has better stability and
dispatching margin than single energy network because of the integration of two networks.

6. Discussion

The power flow or dispatching model of single equipment unit or coupling unit in EGCS has
already been established, and the corresponding optimal operation strategy also has been formulated
through some technical methods [5-11], but all of them did not effectively evaluate the uncertainty and
dispatchability of the EGCS. Also, the uncertainty of the system due to the integration of DG or active
load has been evaluated or optimized [12-27], while they have not made qualitative or quantitative
analysis on the dispatchability of EGCS including DG, and there is no unified index for describing the
dispatchability of EGCS. This paper proposes the EGCS economic dispatching model considering the
uncertainty of new energy prediction error and the expected penalty of insufficient dispatchability.
The optimal operation strategy of economic dispatching which can improve the dispatchability margin
is obtained.

The larger the controllable range of power output is, the more dispatchability it can provide; More
uncontrollable and unpredictable resources lead to higher consumption of dispatchability. According
to the factors contained in EGCS, the evaluation indexes of EGCS dispatchability are proposed, in which
the expected indexes of dispatchability is a penalty item in the objective function of the dispatching
model, while the indexes of dispatchability margin can directly reflect the dispatchability of the
system. A simple three-machine pure electric system is established to verify the rationality of the
indexes proposed in this paper, and the analysis shows that the reliability of the system has a negative
correlation with the system dispatchability margin, but a positive correlation with the system operation
cost. In addition, it can be seen from the dispatching model that the dispatchability of the system can
be effectively improved by improving the prediction ability of the output of the DG in the system.

Future work could include considering the power gird and the natural gas network under the
multi-time scale and trying to perfect the theme of dispatchability by considering the transient state
and dynamic state of EGCS.

7. Conclusions

Under the background of coordinated optimization of “source-network-load-storage” of integrated
energy system, this paper studies the joint operation modes and related system characteristics of
the more mature grid and natural gas network under different energy forms, analyzes the impact
of distributed power grid-connected on the dispatchability of EGCS, puts forward the evaluation
index of dispatchability on system, and the economic dispatching model of EGCS considering the
dispatchability evaluation index is established. The objective function not only includes the operation
cost of conventional units, but also the expected penalty cost of insufficient dispatchability. At the
end of this paper, according to the solution and analysis of the model, in order to effectively improve
the dispatchability of the system, it is necessary to improve the ability of predicting the output of
distributed power existing in the system; that is, to reduce the mean and variance of the probability
distribution of the output forecast errors are can be concluded. In addition, the network with high
dispatchability is effectively integrated with the power system; optimizing energy dispatch under the
condition of guaranteeing the satisfaction of reliability level; and provide more dispatching capacity
while the system dispatching demand changes, thus improving the dispatchability margin.

This paper only considers the single time scale and the steady state of EGCS. Multi-time scale
has a great influence on the dispatching models. At the same time, the dispatching models may have
different characteristic under the transient state and the dynamic. These directions are the research
priority in our future works.
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Figure A1. Mean and variance of prediction error probability distribution in wind farm.
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Figure A2. Mean and variance of prediction error probability distribution in photovoltaic plant.
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Table A1l. Parameters and values of devices in EGCS.

Device Name Parameter Value

Operating cost factors 4; 0.0027 $/MW-h
Operating cost factors b; 0.1258 $/MW-h
Conventional thermal power Operating cost factors ci 0.106 $/MW-h
unit Uphill ramping rate ré’i 2%j/min
Downbhill ramping rate réi 2%j/min
Dispatching time AT / 1h

Operating cost factors g; 0.225 $/kg
Heat consumption rate curve constant S} 0

Gas turbine Heat consumption rate curve constant ,Bg 0.7 x 1073
Heat consumption rate curve constant ‘Bg 0

8
High heat value GHV 3000

Transformer conversion efficiency 1
CHP gas turbine electrical efficiency 0.3
Energy hub CHP gas turbine thermal efficiency 04
Wood chip boiler thermal efficiency 0.9
Natural gas dispatching index 0.5
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